Recently, it was demonstrated by Gansel et al. [Science 325, 1513[Science 325, (2009] that 3D single-helical metamaterials can serve as broadband circular polarizers in the IR range. In this study, we propose a structured metamaterial with double-helical nanowires to construct circular polarizers with boarder wavelength bands in the visible-light and near-IR regions. Using the finite-difference time-domain method, we confirmed that the circular polarizers with the double-helical structures have operation bands more than 50% broader than those of the single-helical structures. © 2010 Optical Society of America OCIS codes: 260.5430, 160.3918, 160.1585. Circular polarization of light is attractive for applications in reflective color displays [1] [2] [3] , microscopy in life science, and photography [4, 5] . Generally, there are two ways of obtaining circular polarized light. One is the use of a linear polarizer and a quarter-wave plate [6] , which is the most common method in optical engineering; the other is utilizing cholesteric liquid crystals (CLCs) [7] [8] [9] [10] , which are self-assembled photonic crystals formed by rodlike molecules. However, both approaches are restricted to narrow frequency ranges, which is a major limitation in many applications [11] . Recently, Gansel et al. [11, 12] succeeded in developing broadband circular polarizers using metamaterials consisting of single-helical gold nanowires. The devices offer giant circular dichroism in a wavelength region of 3-6 μm. Compared with the former two methods, the helical circular polarizers have advantages of broad operation bands and compact structures that can be conveniently integrated with other optical devices.
Circular polarization of light is attractive for applications in reflective color displays [1] [2] [3] , microscopy in life science, and photography [4, 5] . Generally, there are two ways of obtaining circular polarized light. One is the use of a linear polarizer and a quarter-wave plate [6] , which is the most common method in optical engineering; the other is utilizing cholesteric liquid crystals (CLCs) [7] [8] [9] [10] , which are self-assembled photonic crystals formed by rodlike molecules. However, both approaches are restricted to narrow frequency ranges, which is a major limitation in many applications [11] .
Recently, Gansel et al. [11, 12] succeeded in developing broadband circular polarizers using metamaterials consisting of single-helical gold nanowires. The devices offer giant circular dichroism in a wavelength region of 3-6 μm. Compared with the former two methods, the helical circular polarizers have advantages of broad operation bands and compact structures that can be conveniently integrated with other optical devices.
In this Letter, we propose a type of circular polarizers with double-helical nanowire metamaterials, for the purpose of further increasing the operation bands. The optical properties of the proposed circular polarizers were studied to compare with those of the single-helical ones by the finite-difference time-domain (FDTD) method. From the simulation results, we found that the polarizers with the double-helical nanowire metamaterials have operation bands more than 50% broader than the single-helical structures. This phenomenon of ultrabroadband polarization can be explained qualitatively through an effective model of the helical circular polarizers. It is expected that the circular polarizers with double-helical structures can be tuned to operate in various wavelength regions by scaling the structure size, as long as the operation wavelength is well below the metal plasma frequency.
Circular polarizers consisting of metamaterials with single-and double-helical nanowires were simulated using the FDTD method. Figure 1 shows the schematic diagram of a polarizer with the double-helical nanowire structure, in which DW, NH, SG, LH, and DH stand for the diameter of the wire, the number of the helix periods, the spacing of the grid, the length of the helix period, and the diameter of the helix, respectively. The parameters of the metamaterial structure are DW ¼ 50 nm, NH ¼ 3, SG ¼ 190 nm, LH ¼ 200 nm, and DH ¼ 100 nm. The helical nanowire structure is supported by a silica substrate. We assume that the refractive index of silica is 1.45, independent of the frequency in the visible and near-IR ranges. Two circularly polarized states of light, left-handed circular polarization (LCP) and right-handed circular polarization (RCP), were used as the excitation sources to irradiate the polarizers along the positive Z direction, respectively. To simplify the simulation, a broadband Gaussian-modulated pulsed light source is used as the excitation source, which can be expressed as
where t off is the offset time, t w is the half width of the pulse, and ω is the central frequency of the source. The perfectly matched layers (PMLs) [13] were along the Z direction. The boundaries along X and Y directions were confined with the periodic boundary conditions [14] owing to the periodicity of the nanowire metamaterials. During the calculation, the dielectric functions of the metal materials were described by the Lorentz-Drude model, which can be expressed as [15] 
where ω p is the plasma frequency; k is the number of oscillators with frequency ω j , strength f j , and lifetime 1=Γ j ; while Ω ¼ ffiffiffiffi ffi f 0 p · ω p is the plasma frequency associated with intraband transitions with oscillator strength f 0 and damping constant Γ 0 .
Circular polarizers with either the single-or doublehelical nanowire structures with two different metals, gold (Au) and aluminium (Al), were simulated using the FDTD method. Their optical performances are shown in Fig. 2. Figures 2(a) The operation regions of the circular polarizers are defined as the wavelength regions in which the extinction ratio is not less than 1=e of its peak value. From the simulation results, the average transmittances for the RCP light and the average extinction ratios in the operation regions are shown in Fig. 2 and listed in Table 1 . It is very clear that the operation regions of the circular polarizers with the double-helical structures are more than 50% broader than those of the single-helical structures. The operation regions of the circular polarizers can be tuned into different wavelength ranges by scaling the structure sizes, as long as the operation wavelength is sufficiently below the metal plasma frequency [11] .
Figures 3(a) and 3(b) are single-frame excerpts from video clips simulating the RCP and LCP light propagating through a circular polarizer consisting of double-helical Al nanowires, respectively. The RCP light transmits through the polarizer, but the LCP light does not.
Our simulation model is based on the helical antennas with the so-called end-fire geometry. Such helical antennas are widely used in microwave wireless local-area network (WLAN) applications [16] . In antenna theory, the same handedness of electromagnetic wave interacts with the helical structure antennas. In contrast, the opposite handedness of electromagnetic wave is not expected to interact with the antennas. Thus, the helical metamaterial structure exhibits giant circular dichroism.
The structures of the circular polarizers can be regarded as two parts: one is the F-P cavity, and the other is the helical metamaterial. The optical performances of the circular polarizers, such as the operation bands, depend on both characteristics of these two parts. As we know, the transmittance of the F-P cavity has a multivalley spectrum. The transmittance curve of the ideal helical structure has a circular polarization gap in a certain wavelength region [17] . For the overall performance of a circular polarizer, the dominant effect depends on the number of the helix period (NH). To verify our expectation, circular polarizers consisting of Al single-and double-helical metamaterials with different NHs were simulated, with results shown in Fig. 4 . It is obvious that when NH ¼ 1, the LCP transmittance spectrum of the circular polarizer exhibits two wave valleys, which indicates that the F-P cavity effect is dominant. When NH ¼ 4, the LCP transmittance is almost zero in a certain wavelength region, which indicates that the helical structure effect is dominant. In addition, Fig. 4 also proves the advantage of the double-helical metamaterials to have broader operation bands. Compared with the single-helix structure, the double-helical structure has a larger average refractive index, which leads to the broadened space between two valleys of the F-P cavity, and the increased central wavelength of the polarization gap of the helical structure. Combining these two effects, the doublehelical circular polarizers exhibit much broader operation bands than the single-helix ones. In summary, optical circular polarizers with doublehelical nanowire metamaterials were studied. It was found that the double-helical circular polarizers have much broader operation bands than the single-helical ones. The theories governing the F-P cavity and the helical structures were successfully used to explain the reasons of realizing the ultrabroadband operation. However, there are some other factors that lead to broadening of the operation bandwidth, e.g., the interactions between the two helix wires in a double-helical wire, which does not exhibit in the present model. Thus, to develop another more precise physical model is one of our next works. Although the proposed structures need to be fabricated to experimentally realize the circular polarizers, the ultrabroadband circular polarizers will provide a new type of component in advanced optical applications.
